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The performance  of a c l a s s  of  remotely p i lo t ed ,  microwave-powered, h igh-a l t i tude  
airplane platforms was s tudied.  The f i r s t  p a r t  of each  cycle of t h e  f l i g h t  p r o f i l e  
cons i s t s  of climb while the vehicle is tracked and  powered by a microwave beam; t h i s  
i s  followed by g l i d i n g  f l i g h t  back t o  a minimum a l t i t u d e  above a microwave s t a t i o n  
and i n i t i a t i o n  of another cycle.  Parametric variations w e r e  used to  de f ine  the  
e f f e c t s  of changes i n  t h e  c h a r a c t e r i s t i c s  of t he  a i rp l ane  aerodynamics,  the  energy- 
transmission systems, the propulsion system, and  winds. 
Resul ts  show t h a t  wind e f f e c t s  l i m i t  the  reduct ion of  wing loading and the  
increase of l i f t  c o e f f i c i e n t ,  two e f f e c t i v e  ways to obtain longer range and  endurance 
f o r  each flight  cycle.  Calculated  climb  performance showed s t r o n g  s e n s i t i v i t y  t o  
some power and propulsion parameters. A s impl i f ied  method of computing g l id ing  
endurance was developed. 
INTRODUCTION 
Remotely p i lo t ed  veh ic l e s  ope ra t ing  a t  h igh  a l t i t ude  have been proposed to  pe r -  
form  communication or  observa t ion  tasks  for  var ious  reg ions  of the  Ear th ' s  sur face  
( r e f s .  1 and 2 ) .  A remote power supply,  such as so la r  r ad ia t ion  or a microwave beam 
from a ground station, could give endurance limited only by systems r e l i a b i l i t y .  
Appl ica t ions  for  such  h igh-a l t i tude  a i rc raf t  p la t forms  inc lude  mapping, resource 
monitoring, relaying communications, and conducting other tasks currently performed 
by s a t e l l i t e s  o r  manned a i r c r a f t .  
Long-endurance aerial   platforms  offer  advantages  over  al ternate  systems. Endur- 
ance of a manned a i r c r a f t  is l imi ted  by fue l  s torage  and human fatigue.  Furthermore, 
the payload and equipment must inc lude  provis ions  for  the  p i lo t  and his environmental 
control  system.  These  factors  adversely  affect   cost  and complexity. A geosynchro- 
nous satel l i te  has  long  endurance; however, it a lso  has  h igh  cos t ,  l ess  reso lu t ion  
than  airborne  systems, and cons t r a in t s  fo r  communications tasks  because of the  
extreme  range. A s a t e l l i t e  o p e r a t i n g  i n  a l o w  orbi t  passes  only infrequent ly  and 
br ief ly  over  a given  region. Compared with a platform  in  the  upper  atmosphere, a 
low-orbi t  satel l i te  requires  observat ion systems to  have r e s o l u t i o n s  a t  l e a s t  s i x  
t imes  as  grea t  for  equiva len t  qua l i ty  of r e s u l t s  based on t h e  r a t i o  of operat ing 
a l t i t u d e s .  
Several   types of h igh -a l t i t ude  a i r c ra f t  p l a t fo rms  have  been  proposed. Lighter- 
than-air  concepts  have been considered  (ref.  3 ) .  Some of t h e  d i f f i c u l t i e s  of operat-  
i n g  t h e s e  v e h i c l e s  a t  a l t i t u d e s  of  18 km (59 000 f t )  and  above r e l a t e  t o  t h e  atmo- 
spheric  environment. The a i r s h i p s  would have to  genera te  lift a t  a i r  d e n s i t i e s  l e s s  
than one-tenth that of s ea  l eve l  ( r e f .  4)  , and,  according to  r e fe rence  5, have the  
c a p a b i l i t y  t o  f l y  a g a i n s t  winds  of up t o  approximately 50 m/s (100 knots).   Airplane 
conf igura t ions  us ing  so lar  power have  been discussed in  references 6 t o  8. The study 
of reference 8 concludes that improved energy-storage technology and extremely low 
wing loadings would  be required.  (For a c r u i s e  a l t i t u d e  of 20 km (66 000 f t )  and 
12 hours of day l igh t ,  t ha t  s tudy  ind ica t ed  tha t  a specif ic  energy-storage capabi l i ty  
of 15 kJ/N ( 19 W-hr/lbf required a wing loading of less  than 5 Pa ( 0 . 1  l b f / f t  ) and 
100 kJ/N ( 124 W-hr/lbf required 55 Pa ( 1.1 l b f / f t 2 ) .  ) In  addi t ion ,  a solar-powered 
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configurat ion would be constrained to  operate  with combinat ions of l a t i t u d e  and sea- 
son that  ensure an adequate daily supply of solar  energy for  a given configuration. 
S tudies  of the design and operat ion of microwave-powered h igh-a l t i tude  a i rp lane  
platforms (HAAP) have  been repor ted  in  re ferences  3 and 9 t o  11. The HAAP configura- 
t i o n s  of a l l  these  repor t s  were propel ler-powered airplanes operat ing in  the low-wind 
region near 20 km (66 000 f t )  a l t i t u d e .  The lower surface of t h e  wing contained a 
rectenna.  (See  ref.   12.)  The rectenna  received  radio-frequency  radiation a t  about 
2.45 GHz and converted the impinging energy into direct  electrical  current for stor- 
a g e  i n  b a t t e r i e s  o r  u s e  i n  e l e c t r i c  motors d r iv ing  the  p rope l l e r s .  These s tud ie s  
ind ica ted  tha t  the  des igns  were feasible based on the assumption of some extrapola-  
t i o n  of e x i s t i n g  microwave technology (such as tha t  desc r ibed  in  r e f .  12 1. 
This study provides predictions of cruise  performance for  the class  of HAAP 
configurat ions that  use a " l inear"  mode of f l i g h t .  I n  t h a t  mode, t h e  f l i g h t  p r o f i l e  
cons i s t s  of powered climb near a microwave ground s ta t ion,  fol lowed by g l i d i n g  f l i g h t  
t h a t  e i t h e r  r e t u r n s  t h e  v e h i c l e  t o  t h e  same microwave ground s t a t i o n  o r  c a r r i e s  it t o  
another   s ta t ion.   (This  mode is descr ibed  fur ther  i n  t he  f eas ib i l i t y  s tudy  of r e f .  9 
and  the  design  sensit ivity  study of r e f .  1 0 . )  Launch and  recovery  are  not  addressed 
i n  t h i s  s t u d y .  Emphasis is placed on vehicle design and not energy transmission. 
Analyses of t h e  r e s u l t s  of th i s  paramet r ic  s tudy  def ine  t rends  tha t  apply  to  
HAAP vehicles  over a wide  range of s i z e s  and  weights.  Performance is charac te r ized  
a s  a s e t  of parameters :  a l t i tude at  the end  of  climb,  excess  energy  retained  in 
s torage,  horizontal  range between s t a t i o n s ,  and  endurance f o r  each cycle of t h e  
fl ight  profile.   Parametric  studies  are  conducted  for  variations  in  the  aerodynamic 
character is t ics ,   energy-transmission  system,  propuls ion  system,  f l ight   prof i le ,   and 
winds. A minimum a l t i t u d e  of 18 km (59 000 f t )  was s e l e c t e d  f o r  a l l  c a s e s  a s  a prob- 
ab le  cons t ra in t  due t o  wind. 
Opera t ing  charac te r i s t ics  of a microwave-powered a i r p l a n e  a r e  s u f f i c i e n t l y  
unconventional t o  r e q u i r e  t h e  development of a new computer program for performance 
predic t ion .  The program  used in  th i s  s tudy  is documented i n  appendix A. 
SYMBOLS 
Measurements  and ca lcu la t ions  were made i n  t h e  I n t e r n a t i o n a l  System 
( S I  1. Except i n  t h e  computer p r in tou t s  and i n  some figures, dimensional 
are  presented in  both SI  and U.S. Customary Units t o  a i d  t h e  r e a d e r .  
A wing a spec t   r a t io  
A propel ler-disk area, m2 ( f t  ) 2 
P 
a constant  defined  inquation ( 11 ) 
b wing  span, m; also,   constant  defined i n  equation (1  1 ) 
cD d rag   coef f ic ien t ,  D/qS 
'D,o prof i le -drag   coef f ic ien t  
CL l i f t   c o e f f i c i e n t ,  L/qS 
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of Units 
q u a n t i t i e s  
propeller-power  coefficient, P /pn Dp 
drag, N (lbf 
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propeller  diameter,  m  (ft) 
ES stored  energy, J (ft-lbf) 
Et total  energy  received, J (ft-lbf) 
Oswald  efficiency  factor;  also,  base  of  natural  logarithms 
acceleration of gravity, 9.80 m/s2 (32.2 ft/s ) at  sea  level 





altitude  at  beam  intercept  point, km (ft) 
propeller  advance  ratio,  V/nD 






microwave-beam  intensity  factor  (see  eq. (12)) 
wind-profile  scale  factor 
lift, N (lbf) 
propeller  rotational  speed,  revolutions/second n 
maximum  power  available  in  beam, W (hp) P 
power  absorbed  by  propellers, W (hp) P P 
'r 
q 
power  available  at  rectenna, W (hp) 
dynamic pressure, 1/2 pV2 Pa (lbf/ft2) 
reference  value  of  radial  distance  from  microwave  ground  station, km 
(n.mi. ) 
R 
actual  radial  distance  from  microwave  ground  station, km (n.mi.) 
wing  area,  m2 ( ft2) 
r 
S 
T propeller  thrust, N (lbf) 
Td 
t 
degraded  propeller  thrust, N (lbf) 
elapsed  time, s 
V true  airspeed, m/s (knots,  abbreviated kt on figures) 











ground  speed, m/s (knots )  
p rope l l e r  t i p  speed, m/s (€t/s 1 
l oca l  ho r i zon ta l  wind speed, m/s  (knots )  
vehicle  gross  weight, N ( l b f )  
horizontal  range,  km (n.mi.) 
horizontal  dis tance between ground s t a t i o n  and beam i n t e r c e p t  
po in t ,  km (n.mi. 1 
dummy va r i ab le  of i n t eg ra t ion  (see eq. (B3) ) ,  km ( f t )  
f light-path angle, deg 
increment of parameter 
p rope l l e r  e f f i c i ency  f ac to r  
microwave-beam elevation angle, deg 
angle between wind vector and required ground-track vector 
P a i r  density,  kg/mj 
PO 
PR 
4 angle between airplane  heading and required  ground-track  vector 
sea-level a i r  density,  1.255 kg/m3 ( 0 . 0 8  lbm/ft 3 ) 
r a t i o  of approximate density (appendix B )  t o  d e n s i t y  from reference 4 
Subscripts:  
C end of climb  orbeginning of g l ide  
9 end of g l ide  
max  maximum 
min  minimum 
t t o t a l   f o r  one climb  and glide  cycle 
A dot  over a symbol denotes  d i f fe ren t ia t ion  wi th  respec t  to  t i m e .  A bar  over a 
symbol denotes an average value. 
CONCEPT  DESCRIPTION 
The remotely piloted, microwave-powered HAAP of t h i s  s tudy  i s  based on t h e  con- 
cept  described  in  reference 9. Drawings  of representa t ive  vehic les  are shown i n  
f i g u r e  1. The descr ipt ion of the basel ine vehicle  and microwave  system i n  t a b l e  I i s  
su f f i c i en t ly  gene ra l i zed  to  app ly  to  a wide va r i e ty  of configurations and systems. 
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The linear  mode  of  flight  used  in  this  study  has  the  same  two-part  cycle  as 
those  of  references 9 to 11. The  climb  segment  begins  when  a  microwave  beam  starts 
to track  the  vehicle  and  transmit  energy  to  it.  That  energy  is  used  for  climbing  or 
accumulating  stored  energy  (for  use by  the  payload,  guidance,  and  control  systems). 
Stored  energy  is  not  used  for  propulsion.  Thus,  after  energy  transmission  termi- 
nates,  the  vehicle  begins  a  long  glide  that  either  carries  it to another  ground  sta- 
tion  or  back  to  the  same  station. 
The  transmission  of  microwave  energy  is  modeled  largely  with  the  assumptions  of 
reference 9. The  multielement  retrodirective  array  or  equivalent  antenna  (ref. 1 1 )
transmits  a  linearly  polarized  beam that,is focused  on  the  rectenna  built  into  the 
HAAP.  (Linear  polarization  is  preferred  because  most  elements  of  the  system  are 
simpler  than  for  circular  polarization.)  The  two-dimensional  tracking  capability of 
the  transmitter  constrains  the  vehicle  to  fly  in  a  vertical  plane  over  the  ground 
station.  The  cumulative  effect  of  all  range-related  phenomena  is  assumed  to  be 
attenuation  of  the  beam  intensity  as  an  inverse  function  of  range. 
The  conceptual  design  of  the  vehicle  for  this  study  is  similar  to  a  powered 
version  of  a  high-performance  sailplane.  The  useful-load  fraction  of 0.3 contains 
allocations  for  the  payload,  energy-storage  devices,  and  the  guidance  and  control 
systems.  The  baseline  configuration  calls  for  high  aerodynamic  efficiency  to  be 
achieved  with  high-aspect-ratio  wings  and  extensive  amounts  of  natural  laminar  flow. 
The  wing-mounted  rectenna  uses  linear  polarization  unless  otherwise  noted.  The  power 
received  by  the  rectenna  is  stored  if  it  is  below  a  minimum  level  for  motor  starting 
or  above  the  power  capacity  of  the  motor.  Power  in  the  range  required  for  propulsion 
is used  by  high-efficiency  electric  motors  to  drive  variable-pitch,  constant-speed 
propellers.  When  not  in  use,  the  propellers  stop  and  fold  streamwise  to  reduce  drag. 
Since  the  propeller  contributes  drag  rather  than  thrust  during  glide,  the  vehicle 
lift-drag  ratio  is  decremented  from  that  for  climb.  During  both  flight  segments,  the 
vehicle  remains  trimmed  at  one  lift  coefficient. 
A  more  detailed  study  of  HAAP  should  consider  criteria  for  stability,  control, 
aeroelasticity,  reliability,  and  other  factors.  The  design  illustrated  in  fig- 
ure 1 (b)  reflects  some  concern  for  reliability  by  minimizing  the  number  of  essential 
systems  in  comparison  with  the  configuration  of  reference 9. The  second  configura- 
tion  uses  one  rather  than  two  propellers.  Aerodynamic  control  is  achieved  through  a 
total  of  two  control  surfaces  at  the  end  of  the  tail  booms;  differential  inputs  of 
the  horizontal  surfaces  produce  wing  twist.  This  design  was  examined  briefly  in  an 
unpublished  study  which  indicated  that  the  two  vehicles  of  figure 1 can  have  the  same 
performance,  control  power,  and  weight.  Although  these  two  configurations  are  sig- 
nificantly  different,  the  approach  of  this  study  is  sufficiently  generalized  to 
describe  both  of  them  with  the  same  set  of  parameters.  (See  table I.) 
ANALYSIS 
The  evaluation  of  vehicle  performance  for  a  microwave-powered  airplane  requires 
mathematical  modeling  of  vehicle  motion,  wind  effects,  power  transmission,  and 
propulsion-system  characteristics.  The  development  of  the  equations  used  in  the 
microwave-powered HAAP performance  program  of  appendix  A  is  given  in  the  following 
sections. 
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Fl ight  Mechanics 
Equations for force balance along the body axes can be developed with the con- 
ventions shown i n  f igu re  2 (a ) .  The associated assumptions are  that  thrust  and drag 
act  a long the same axis,  the vehicle climbs or descends to maintain airspeed, vehicle 
l i f t  c o e f f i c i e n t  remains  constant, and excess  thrust  is used t o  climb. The r e s u l t i n g  
equations are as follows: 
L - w c o s y = o  ( 1  1 
~ - ~ - w s i n y - W + = ~  
g 
(2 1 
These equations can be modified t o  o b t a i n  t h e  forms used i n  the performance 
program of appendix A. First, th rus t  can be described i n  terms of p rope l l e r  e f f i -  
ciency as 
T = v P / V  ( 3  
P 
The te rm for  the  iner t ia l  acce le ra t ion  force  can be writ ten as follows: 
w ; = w a v a h = w  dv 
9 g d h d t   g d h  
-V s i n  y 
For suf f ic ien t ly  smal l  
ka can be defined  as 
Thus, equation ( 2  ) can 
increments of a l t i t u d e ,  an acce lera t ion  cor rec t ion  fac tor  
be rewri t ten as  
qPp/V - D - ( 1  + k )W s i n  y = 0 a 
A n  expression for true airspeed, obtained from equation ( l ) ,  may be wr i t ten  as  
. = i s  CL 
2 cos y 
Except for the term cos y, equivalent airspeed is simply the equilibrium airspeed 
f o r  a given configuration at sea level: 
6 
The equa t ions  fo r  t he  veh ic l e  t r a j ec to ry  above a f l a t  Ea r th  a re  based  on t h e  
conventions shown i n  f i g u r e s  2 ( b )  and 2 (c ) :  
V cos y s i n  @ - V s i n  p = 0 
W 
;r - v cos y cos i$ + vw cos p = 0 (9 
The use of these equat ions assumes tha t  the  a i rp lane  heading  is automatically 
a d j u s t e d  t o  compensate f o r  t h e  e f f e c t s  of  wind.  During  climb, t h e  r e s u l t i n g  f l i g h t  
pa th  must l i e  in  the  unique  ver t ica l  p lane  swept out by the  pa th  of t h e  microwave 
beam. 
Several parameters are funct ions of a l t i t u d e .  A i r  densi ty  is modeled on t h e  
geometric  standard  atmosphere of reference 4. The r a t i o  of l oca l  t o  s ea - l eve l  va lues  
of a i r  d e n s i t y  is ca l cu la t ed  a s  
(-ah 1-bh 2 
P I P o  = e 
where the   exponent ia l   coef f ic ien ts  (a and b)  hold  constant  over a t y p i c a l  a l t i t u d e  
increment of 2 km (6500 f t  1 .  A t  a l t i t u d e s  l e s s  t h a n  30 km (98 000 f t ) ,  t h i s  method 
g ives  dens i ty  da t a  tha t  d i f f e r  from t h a t  of reference 4 by l e s s  t han  0.4  percent.  A s  
i n   r e f e rence  IO, it is assumed t h a t  L/D increases   wi th   a l t i tude   for   the   opera t ing  
range of c ru ise  a l t i tudes  because  of the  grea te r  ex ten t  of laminar  flow. The value 
of L/D is decremented ( a s  a funct ion of propel le r   s ize)   for   g l ide   because  of t h e  
drag of t he  fo lded  p rope l l e r .  
Energy Transmission 
The ava i l ab le  power (i.e.,  rate of energy reception) a t  the vehicle rectenna i s  
assumed t o  be a funct ion of both range and the  angular  or ien ta t ion  of the  rec tenna  
surface with respect t o  t h e  beam. This  ana lys i s  accounts  for  four  fac tors  tha t  
a t t enua te  the  power l e v e l  between the ground-station antenna and i ts  u t i l i z a t i o n  f o r  
propuls ion or  s torage.  
Although t h e  beam is  considered t o  be focused ,  the  e f fec ts  of focus ing  prec is ion  
and o the r  f ac to r s  are represented by a reciprocal  re la t ionship with range:  
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where R is a reference  radial   range from t h e  ground s t a t i o n ,  r is t h e   t r u e   r a d i a l  
range,  and kr has a  nominal  value of 1.0. The r e s u l t i n g   l e v e l  of ava i lab le  power 
P1 is assumed t o  be further attenuated because of angular  or ientat ion that  reduced 
the projected area of the rectenna that  can be observed from the microwave ground 
s t a t ion  (p .  44 i n  vol. 2 of re f .  13). This   effect  can  be  approximated a s  
If both t ransmit ter  and rectenna use l inear  polar izat ion,  the effect  on the energy 
t r a n s f e r  can be conservatively approximated as a function of the phase angle between 
t h e  two u n i t s  ( r e f .  14 and p. 275 i n  vol. 1 of r e f .  13): 
P = P cos l$ 2 r 2 
I f  the antenna t ransmits  with circular  polar izat ion,  the l inear  polar izat ion of t h e  
rectenna produces a sinusoidal variation in apparent amplitude of each wave form a t  
the rectenna.  As a resul t ,  the  average energy level  is only half  that  for  polar iza-  
tion  alignment. However, the  system of mixed polar iza t ions  is i n s e n s i t i v e  t o  t h e  
relat ive al ignment  of antenna and rectenna i n  the horizontal  plane.  
A l l  these  power-transmission  relationships  (eqs. (12) t o  (14)) can be  combined 
i n t o  one equation. It is convenient t o  desc r ibe  power ava i lab le  a t  the  rec tenna  for  
storage or propulsion in terms of power per u n i t  weight: 
where P/S is t h e  maximum transmit ted power per  un i t  wing area  ava i lab le  a t  the  re f -  
erence  range R, W/S is wing loading, and  both  antenna  nd  rectenna  have  linear 
po lar iza t ion .  The equation,  as  used i n  appendix A ,  also reduces the level  of ava i l -  
able  energy by an e f f ic iency  fac tor  of 74 percent .  This  ref lects  losses  between t h e  
power reaching the rectenna surface and t h e  power de l ive red  to  e i the r  t he  p rope l l e r  
shaft or the energy-storage system. 
Propulsion 
Representative values of propel ler  eff ic iency for  equat ion (3) were developed 
from  reference 15 and are  given  as  functions of advance r a t i o  J and  propeller-power 
coe f f i c i en t  C These l a t t e r   q u a n t i t i e s  can be determined  as  functions of both 
ca lcu la ted  and input parameters of t he  program of appendix A: P' 




where Pp/W is t h e  power ava i l ab le  a t  t he  p rope l l e r  sha f t .  N e t  t h r u s t  f o r  any num- 
ber of p rope l l e r s  can be determined  with t h i s  method i f  A is t o t a l  propel ler-disk 
area, P is  t o t a l  power absorbed by t h e  p r o p e l l e r s ,  and a l l  p r o p e l l e r s  have t h e  
same value of both t i p  speed and power loading (P /A 1. 
P 
P 
P P  
The program of appendix A imposes both an upper and a lower l i m i t  on t h e  power- 
to-weight r a t i o  of equation (18). As shown in  ske tch  A, a l l  energy  not  used f o r  pro- 
pu ls ion  is s tored.  A l i m i t i n g  case may occur  in  which t h e  minimum power l e v e l  is 
never  exceeded.  (This  could  occur i f  t h e  motor  were l a r g e  r e l a t i v e  t o  t h e  a v a i l a b l e  
power and the "projected area"  of the rectenna were reduced by the combination of a 
negative y and low 8 ( f i g .   2 ( a ) ) - )  
Power received Energy for  stora e





The model  of t h e  wind a l o f t  is based on one set of wind data. This standard set 
is the  99-percent  prof i le  ( re f .  5 i n  f i g .  3 1 ,  which descr ibes  a wind p r o f i l e  t h a t  i s  
exceeded only one percent of t h e  t i m e  a t  f i v e  sites in  the  Uni ted  S ta tes .  F igure  3 
also presents  a 95-percent profile (one not exceeded 5 percent of t h e  t i m e )  from 
reference 5. The second 99-percent profile of f i g u r e  3 is based on data  from a 
worldwide set of sites ( r e f .  16) and ind ica t e s  t ha t  t he  s t anda rd  wind p r o f i l e  is  
general ly  conservat ive.  In  the computer  program  of  appendix A, t h e  magnitude  of t h e  
wind a t  a given a l t i t u d e  is the product of the  assoc ia ted  va lue  from the  r e fe rence  
p r o f i l e  and a scale f a c t o r  Q. I n  t h e  program, t h e  d i r e c t i o n  of t he  ho r i zon ta l  wind 
vector  is assumed t o  remain constant. 
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DISCUSSION OF FSSULTS 
The r e s u l t s  of ca l cu la t ions  of HAAP system performance are p resen ted  to  show t h e  
e f f e c t  of v a r i a t i o n s  i n  aerodynamic,  power-system,  and o ther  parameters. Although 
not a l l  the combinations of values represent reasonable systems, the more extreme 
sets help t o  def ine  t rends .  In  most cases, t h e  r e s u l t s  are compared with the per- 
formance  of the  base l ine  HAAP system described in table I. (This baseline system is  
similar t o  t h a t  of r e f .  9. The primary  differences are i n  s p e c i f i c a t i o n s  f o r  hs, 
xs,  and (P/W) limits.) 
The v a r i e t y  of po ten t i a l  u ses  fo r  a HAAP system has led t o  t h e  use of severa l  
measures  of  performance t o  de f ine  r e su l t s  fo r  most s ec t ions  of t h i s  s tudy .  Require- 
ments for  fo l lowing  a spec i f i ed  ground t r ack  and t h e  l i m i t e d  a v a i l a b i l i t y  of s i t e s  
f o r  ground stations could produce emphasis on long endurance (total time per f l i g h t  
cycle)  and  zero-wind  range. The need for  h igh  reso lu t ion  in  observa t ion  tasks  and 
wide-area coverage i n  communications t a sks  may produce some d i f fe rences  in  the  spec i -  
f i c a t i o n s  f o r  a t t a i n i n g  a maximum a l t i t u d e .  Wide va r i a t ions  may also occur  in  the  
l e v e l  of stored energy required to operate each payload as w e l l  as guidance and con- 
t r o l  systems.  Therefore,   the  results  presented  for  each parametric var ia t ion  usua l ly  
include range, endurance,  f inal  climb alt i tude,  and stored  energy. 
Typical  Fl ights  
One cycle of climb and glide is p resen ted  in  f igu res  4 and 5 for each of t h ree  
HAAP configurat ions with differ ing wing loadings. The e s s e n t i a l l y  l i n e a r  f l i g h t  
p r o f i l e  f o r  g l i d i n g  f l i g h t  i n  f i g u r e  4 is a d i r ec t  func t ion  of L/D. As shown i n  
f i g u r e  5, the  climb segment is a f f ec t ed  by numerous parameters. The  low wing-loading 
case (W/S = 50 Pa (1 .0  l b f / f t  1 )  has a fair ly   s imple  calculated  his tory.   During 
climb, t h e  f l i g h t  p a t h  is f a i r l y  l i n e a r ,  t h e  rate of climb is near ly  constant ,  and 
the  propel le r  provides  thrus t  a l l  the  time. The highest  wing-loading case 
(W/S = 250 Pa (5.2 l b f / f t  ) )  has  an  s-shaped  climb p r o f i l e  ( f i g .  4 )  and climb history 
( f i g .  5 ) .  I n i t i a l l y ,   t h e   r e l a t i v e l y   s m a l l e r  wing f o r  W / S  = 250 Pa does  not  receive 
enough power t o  start the  motors. The a i rp lane  cont inues  to  s tore  the  rece ived  
energy  and t o  l o s e  a l t i t u d e  as it gl ides  nearer  to  the  ground s t a t i o n  (fig. 5 ( b ) ) .  
When it is c lose  enough to  receive adequate  power, the  a i rp lane  uses  a l l  ava i lab le  
power t o  climb. Near the  end of the  nominal  climb  period,  the power received again 
drops below the  minimum leve l .  The a i rp lane  then  g l ides  and s tores  the  rece ived  
energy  again.   This  lat ter  glide segment i l l u s t r a t e s   t he   r easons   t ha t   hc  can  be 
less than the maximum a l t i tude  achieved  in  climb. 
2 
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Figure 5 ind ica t e s  t ha t  t he re  are s t rong  r e l a t ionsh ips  between performance, 
power ava i lab le ,  and t h e  f l i g h t  p a t h  ( d e f i n e d  w i t h  r e s p e c t  t o  t h e  ground s t a t i o n )  . 
Consequently,  the fl ight profile could be changed t o  maximize stored energy or some 
other  parameter. However, t h e  r e s u l t s  of t h i s  s tudy  are a l l  obtained for  the s imple 
case of f l i g h t  a t  c o n s t a n t  l i f t  c o e f f i c i e n t .  
Equivalent Airspeed 
The design  value of Ve is important  for a HAAP vehicle .  A s  shown i n  equa- 
t i o n  ( 7 )  and f igu re  6, Ve i s  a funct ion of both 5 and W/S. Maximizing L/D t o  
improve  range leads t o  t h e  s e l e c t i o n  of the  highest   value of CL that   a l lows some 
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margin  of s a fe ty  aga ins t  s tall .  Requirements for adequate rectenna area and for  long  
endurance (i.e., slow descent rate) can  produce  design  emphasis on low values of 
W/S. Figure 6 shows tha t  t hese  des ign  t r ends  l ead  to  l o w  values of Ve. 
The e f f e c t  of winds produces cons t r a in t s  on t h e  minimum acceptab le  leve l  of 
V Figure 7 presents  a wind p r o f i l e  t h a t  is exceeded  only 1 percent  of t h e  t i m e  a t  
f l v e  sites ( r e f .  5 1. As shown s u b s e q u e n t l y  i n  t h i s  r e p o r t ,  t h i s  p r o f i l e  can provide 
a reasonable  des ign  c r i te r ion  for  HAAP v e h i c l e s  t h a t  must avoid being blown away from 
a given site. The data   suggest   hat  V, above 16.6 m/s (32 .3  knots)  is r e q u i r e d   i f  
f l i g h t  p r o f i l e s  e x t e n d  t o  a s  low a s  18 km (59 000  f t )  i n  a l t i t u d e .  A p p l i c a t i o n  of 
t h i s  c r i t e r i o n  t o  t h e  data of f i g u r e  6 limits CL as a funct ion of W/S.  
e’ 
Airplane Aerodynamic Charac t e r i s t i c s  
The e f f e c t s  of W/S and L/D on HAAP performance  are   evaluated  in   f igure 8. 
The parameter W/S a l s o  a f f e c t s  t h e  power and propulsion  system,  since  the  rectenna 
is assumed t o  cover a l l  t h e  wing area S .  Thus, decreasing W/S increases   ava i lab le  
power per unit weight. Large propulsion systems can then operate the propeller con- 
t inuously a t  f u l l  power during  climb. A s  shown i n  f i g u r e  5,  t h i s  e f f e c t  can r e s u l t  
i n  a sus ta ined  h igh  ra te  of climb.  Figure 8 a l s o  shows t h a t  r e d u c t i o n s  i n  W / S  
produce substant ia l  improvements i n  a t t a i n a b l e  a l t i t u d e  and, below about 
W/S = 100 Pa (2.1 l b€ /€ t  1, large  increases   in   s tored  energy.   Variat ions  in  L/D 
have r e l a t i v e l y  l e s s  e f f e c t  on a l t i t u d e  and energy performance than variations in 
W/S. Range and  endurance are   both  increased by reduced W / S  o r  by increased L/D. 
In  the  case  of the  base l ine  HAAP, Reynolds number e f f e c t s  a r e  e s t i m a t e d  t o  change 
L/D fo r  t he  base l ine  veh ic l e  from 44.1 a t  8 . 1  km (27  0 0 0  f t )  a l t i t u d e  t o  46.6  a t  
24 km (79 0 0 0  f t )  . However, analyses show t h a t  an average L/D y i e l d s   r e s u l t s   i n  
good agreement   with  those  for   the  var iable  L/D.  (For example,  performance r e s u l t s  
for   the  basel ine  vehicle ,   wi th   the  var iable  L/D and W/S = 100 Pa, were within 
1 percen t  fo r  t he  case with L/D = 45, an  average  value. 1 
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The e f f e c t  of L/D can a l s o  be considered  in   l ight  of the  independent  effects 
of 5 and CD,o ( f i g .   9 ) .  The value of CD is ca lcu la ted  as 
The s e t  of CD,o values  used  provides  reasonable  agreement  between  the maximum 
values of ca lcu la ted  L/D and those  obtained from references 17 and 18. Both CL 
and ‘D,o 
f o r  aerodynamic  changes are i n  agreement with those determined in reference 10. 
appear t o  have s i g n i f i c a n t  e f f e c t s  on range  and  endurance. A l l  t he  t r ends  
Gl id ing  Fl ight  
A s impl i f ied  ana lys i s  of gliding-fl ight endurance can be accomplished with an 
approximate solut ion to  equat ion (29)  of reference 8, an expression for glide t i m e  
between s p e c i f i e d  a l t i t u d e s .  Appendix B p re sen t s  t he  development of an expression 
f o r  a glide-time  parameter t V ( D / L )  which is independent of configurat ion.  
g e  
An approximation for a i r  densi ty  as a funct ion of a l t i tude  a l lows  the  g l ide-  
endurance  equation t o  assume in t eg rab le  form. Figures 10 and 11 provide a means of 
comparing r e s u l t s  from the approximate funct ion with the values  given in  refer-  
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ence 4. Figure 11 shows t h a t  t h e  two dens i ty  models a r e  i n  good. agreement  between 18 
and 23 km (59 000 and 75 000 f t ) ,  which is the  a l t i t ude  r ange  of i n t e r e s t .  
The glide-time parameter can be used t o  determine the relative endurance 
achieved by g l id ing  between d i f f e r e n t  sets of i n i t i a l  and f i n a l  a l t i t u d e s .  F i g u r e  12 
presents  the gl ide- t ime parameter a s  a funct ion of i n i t i a l  a l t i t u d e  and a l t i t u d e  
decrements. The computed r e s u l t s  show t h a t  f o r  a given  a l t i tude  decrement ,   g l ide 
t i m e  is longer a t  lower a l t i tudes .  This  occurs  because  the  vehic le  t rave ls  more 
slowly through the denser atmosphere a t  lower a l t i t u d e s .  
Resul ts  of glide-endurance calculations are compared i n  f i g u r e s  13 and 14 f o r  
t h e  computer  program of appendix A and the closed-form solution of appendix B. The 
computer program has the advantage of account ing  for  acce lera t ion  e f fec ts  and using a 
more de t a i l ed  model of dens i ty  var ia t ion  wi th  a l t i tude .  The f igu res  show that  agree-  
ment between t h e  methods is bes t  a t  low values of W/S, L/D,  and  hc. I f   t h e  accel- 
e ra t ion  co r rec t ion  f ac to r  is removed from the  computer  program, t h e  computer y i e l d s  
g l i d e  times which a r e  v i r t u a l l y  i d e n t i c a l  t o  t h o s e  g i v e n  by the closed-form method of 
appendix B. 
Energy-Transmission System 
Climb performance is s t rongly  a f fec ted  by numerous in t e r r e l a t ed  pa rame te r s  t ha t  
characterize  the  energy-transmission  system. A s  shown in  equat ion  (151,   these 
include P/S, R, and kr. Parametr ic   var ia t ions  are   considered  here  even  though 
f u r t h e r  development  of microwave technology may lead t o  r ev i s ions  of equat ion (15) .  
The review of t he  p re sen t  r e su l t s  is s impl i f ied  by presenting only climb performance 
s ince  g l id ing  f l igh t  has  a l ready  been t r ea t ed .  
The character  of beam-range e f f e c t s  is cont ro l led  by t h e  exponent  kr i n  equa- 
t i o n  (15 l .  (Even  though kr is considered  separately  here ,   the   formulat ion of t h e  
governing  equation is based on the   i n t e r r e l a t ionsh ips  between P/S, R, and k,.) A s  
shown i n  f i g u r e  15,  focused power i s  independent of range  only  for  kr = 1. For any 
value of kr  > 0, the  equat ion  requi res  tha t  rece ived  power inc reases  inde f in i t e ly  
a s  r / R  approaches 0. In   the   p resent   s tudy ,   the   va lues  of r / R  range from  about 
0.4 t o  1.0,  and t h e  e f f e c t  of kr  does  not  reach  physically  implausible  proportions 
f o r  k, = 1. In  a r e a l  system the  t r ansmi t t e r  would have a f i n i t e  v a l u e  of beam 
in tens i ty  a t  zero  range;  beyond a given  range some value of kr would model t he  beam 
a t tenuat ion .  Thus, increases   in   only kr imply a d ispropor t iona te ly   l a rge   increase  
in   ac tua l   t r ansmi t t e r  power.  Because of the  large  value of R,  r / R  < 1 during 
c l imb;   s ince   the   e f fec t  of kr is  ampl i f ica t ion   a t   those   reg ions ,  power i n t e n s i t y  i s  
always  equal t o  o r  g r e a t e r  t h a n  t h e  P(S reference  value of 1.1 kW/m2 a t  50 km range 
(100 W / f t  at 27 n.mi. range) .  2 
Climb  performance is presented as a funct ion of kr i n  f i g u r e  16 and  several  
c l imb  his tor ies   are   presented  in   f igure 17. Increasing  kr   a i lcws  the  value of 
f i n a l  c l i m b  a l t i t u d e  t o  i n c r e a s e  a s y m p t o t i c a l l y  t o  a maximum and s tored energy to  
increase  xponentially.   Since r / R  < 1, increasing  kr   s imply  increases   avai lable  
power a t  t h e  v e h i c l e .  The ca lcu la ted  resu l t s  appear  to  be opposi te  of t h e  e f f e c t s  
t h a t  would be an t i c ipa t ed  from an increasing decay of beam in tens i ty  wi th  d is tance ;  
however, the short  ranges and the  impl ied  la rge  increase  in  t ransmi t ted  power over- 
come t h e  e f f e c t s  of decay rate. 
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Climb  performance  is  also  sensitive  to  reference  range  R  and  the  power  density 
at  that  range P/S. Increasing P/S leads  to  large  increases  in  stored  energy 
(fig. 18) and  allows  the  vehicle  to  climb  higher.  However,  as  in  the  case  of 
(Pp/W)max = 4 W/N (0.002 hp/lbf)  in  figure 18, motor  size  can  limit  altitude, 
regardless  of  the  power  received.  Similar  trends  are  shown  for  increasing  R  in 
figure 19. Increases  in  R  or  P/S  are  also  associated  with  large  increases  in 
transmitted  power. 
The  initial  range  and  altitude  for  beam  intercept  also  affects  climb  perfor- 
mance.  Figure 20 shows  that  beam  interceptions  at  longer  range  permit  higher  alti- 
tudes  to  be  attained.  However,  power  received  at  the  vehicle  is  attenuated  as a
function  of  range;  thus,  the  higher  flying  vehicles  can  accumulate  less  stored  energy 
per cycle  of  flight.  This  attenuation  and  the  decrease  of  density  with  altitude 
combine  to  determine  vehicle  ceiling.  As  shown  in  figure 21, both  the  rate  of  climb 
and  the  energy  storage  for  the  baseline  configuration  are  negligible  at  an  altitude 
of  about 29 Ian (95 000 ft) . 
Propulsion  System 
The  effects  of  variations  in  propeller  efficiency  are  shown  in  figure 22. The 
computer  program  of  appendix  A  determines q as  a  function  of J and from  a 
conventional  propeller-performance  table  (ref. 15).  These  tabulated data,do not 
reflect  any  effects  of  high-altitude,  low  Reynolds  number  phenomena  on  propeller 
aerodynamics.  This  omission,  and  other  simplifications,  may  lead  to  optimistic  pre- 
dictions  of  propeller  performance.  The  result  of  operating  with  degraded  thrust 
Td is  a  nearly  linear  decrease  in  attainable  altitude  (fig. 22). This  indicates 
that  even  a  small  degradation  in  propeller  efficiency  translates  into  noticeable 
performance  decreases. 
cP 
The  effect of relative  motor  size  is  shown  in  figure 23. The  parameter 
(P /Larnax reflects  not  only  the  maximum  power  that  the  propulsion  system  can  absorb, 
(P m m a x  considered  here  is  twice  that  of  the  baseline  configuration.  The  computed 
bug  also  the  ratio  of  motor  size  to  total  vehicle  weight.  The  largest  value  of 
results  show  that  increasing  the  relative  size  of  the  motor  generally  leads  to 
decreases  in  stored  energy  and  to  increases  in  attainable  altitude  until  a  maximum 
performance  level  is  achieved.  Beyond  that  point,  increasing (P /WImax  is  detri- 
mental  to  performance.  This  variation  indicates  that  the  optimization  of  propulsion 
parameters  is  a  function  of  wing  loading  (and  rectenna size).
P 
P 
A  review  of  the  calculated  flight  histories  leading  to  the  results  of  figure 23 
reveals  that  the  variation  in  performance  is  related  to  both  trajectory  characteris- 
tics  and  limits  on  the  minimum  power  required.  The  vehicle  with  the  larger  motor  may 
have  to  glide  closer  to  the  ground  station  before  receiving  enough  power  to  overcome 
starting  loads  and  other  constraints.  The  more  powerful  vehicle  climbs  faster  and 
generally  flys  a  higher  trajectory  as  it  passes  over  the  ground  station.  The  more 
powerful  vehicle  then  reaches  the  minimum  Pp/W  condition  and  begins  its  glide  phase 
sooner.  Detailed  design  of  a HAAP will  apparently  be  sensitive to constraints  on 
minimum  and  maximum  motor  power. 
The effects of two  propeller  parameters  on  climb  performance  are  shown  in  fig- 
ures 24 and 25. The  baseline  value  of  tip  speed 172 m/s (564 ft/s)  appears  to  be  a 
good  selection  (fig. 241, although  performance  appears to be  fairly  insensitive to 
small  variations  in  that  parameter  until  compressibility  effects  are  encountered. 
The area  ratio  S/Ap is a  somewhat  artificial  parameter  that  is  a  convenient  element 
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i n  equa t ion  (18 ) .  A s  i nd ica t ed  in  f igu re  25, t h a t  measure of r e l a t i v e  p r o p e l l e r  s i z e  
is also s e t  a t  a good va lue  in  the  base l ine  conf igura t ion  (S /A  = 2.65). 
P 
Winds Aloft  
Although  winds a l o f t  can g r e a t l y  i n f l u e n c e  t h e  r e s u l t s  of  any given mission, 
wind e f f e c t s  on HAAP design are d i f f i c u l t  t o  q u a n t i f y .  The s t a t i s t i c a l  n a t u r e  of 
bas i c  wind da ta  ( re fs .  5 ,  16,  and 19) must be properly evaluated to  avoid developing 
excessively s t r ingent  design criteria. Wind p r o f i l e s  t h a t  are exceeded  only 
1 percent  of t h e  time probably  provide  adequate  design  guidelines. The winds t h a t  
exceed those limits t e n d  t o  be associated with large storms occurring a t  lower a l t i -  
tudes.  These more detectable ,  lower-al t i tude phenomena may provide enough warning t o  
make appropr ia te  changes  in  the  f l igh t  program, such as maintaininq as much a l t i t u d e  
as poss ib le .  In  addi t ion ,  the  re la t ionships  of wind d i r ec t ion  a t  d i f f e r e n t  a l t i t u d e s  
are not considered in most sources of data.  Nonuniformity  of wind d i r e c t i o n  a t  d i f -  
f e r e n t  a l t i t u d e s  may make HAAP operat ions easier  than predicted for  uniform wind 
d i r ec t ion .  
Operational limits imposed by winds t e n d  t o  a f f e c t  HAAP opera t ions  a t  lower 
a l t i tudes .   F igure  7 shows t h a t  f o r  Ve 2 10 m/s  (19   knots ) ,   the   se lec t ion  of a 
design  value of Ve f o r  lower a l t i tudes  ensures  an  adequate  margin  of true a i r speed  
V a t  h i g h e r  a l t i t u d e s .  Thus, operat ions need not be r e s t r i c t e d  t o  t h e  nominal low- 
wind region of  about 20 km (66 000 f t ) .  
HAAP operat ions with actual  wind e f f e c t s  w i l l  be more complex than  fo r  t he  s i m -  
p l i f i e d  wind model of t h i s  s tudy .  P ro f i l e s  fo r  mean wind values from reference 19 
show consis tent  t rends with al t i tude for  different  seasons in  f igure 26(a) ;  however, 
the  assoc ia ted  da ta  of f igu re  26 (b )  show t h a t  t h e r e  is a considerable  var ia t ion pos-  
s i b l e  between t h e  mean and instantaneous  values. Below 18 km (59 000 f t )  a l t i t u d e ,  
t h e  mean winds blaw predominately from w e s t  t o  east, although the instantaneous value 
appears   to   vary   cons iderably   ( f ig .   26(b) ) .  Data  from references 16 and 19 c l e a r l y  
i n d i c a t e  t h a t  winds a t  18 km and  above a r e  t y p i c a l l y  much s t ronger  in  win ter .  
Despite the evidence of complexity, t h i s  s tudy  models  winds on the  bas i s  of the pro- 
f i l e  shown i n  f i g u r e  7 and on the assumption of uniform wind d i rec t ion .  The wind- 
p r o f i l e  s c a l e  f a c t o r  kw affects  only  the  magnitude of t h e  nominal p r o f i l e  
( r e f .  5 1; kw does  not d i r e c t l y  r e f l e c t  t h e  p r o b a b i l i t y  l e v e l  of encountering  that  
p r o f i l e .  
S tudies  were conducted of t h e  e f f e c t  on performance of wind-profile magnitude 
and  wind d i r e c t i o n  r e l a t i v e  t o  r e q u i r e d  ground t rack .  The f i r s t  c a s e s  t o  be con- 
s ide red  a re  those  fo r  t he  base l ine  HAAP configuration with a head wind o r   t a i l  wind 
over  the nominal  ground t r a c k  ( f i g .  2 7 ) .  Increases   in   wind-profi le  magnitude f o r  a 
head wind  of p = O o  reduce  ground  speed  and  increase  the amount of t ime spent  in  
passing over  the ground s t a t ion .  The additional energy available through the 
extended climb period produces substantial  increases in attainable alt i tude; however, 
t h e  head winds a f f e c t  t h e  g l i d e  f o r  a longer period of t i m e  and can subs t an t i a l ly  
reduce  total   range. The reverse   re la t ionships   appear   to  be t r u e  f o r  t a i l  winds. The 
da ta   fo r  p = O o  t e r m i n a t e  a t  Q = 0.97 because  head  winds a t  18 km (59 000 f t )  ,
t h e  i n i t i a l  a l t i t u d e ,  can become  no stronger without blowing the vehicles away from 
t h e  ground s t a t i o n .  
A s  shown i n  f i g u r e  2 ( c ) ,  adjustments t o  veh ic l e  head ing  can cause the vector 
summation of wind and a i r speed  ve loc i t ies  to  produce  the  des i red  ground t r a c k  f o r  t h e  
HAAP ( f o r  s u f f i c i e n t l y  low wind speeds).  However, i f  t he  veh ic l e  r ec t enna  is not 
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exactly  aligned  with  the  transmitting  antenna,  the  use  of  linear  polarization  results 
in  a  reduction  in  energy-transmission  efficiency  (eq. ( 1 4 ) ) .  The.  effect  of  paramet- 
ric  variations  in  wind  conditions i shown  in  figure 28. As  shown  in  figure 27,  the 
absence  of  calculated  results  for  a  given  condition  indicates  that  the  baseline  HAAP 
configuration  could  not  fly  in  those  winds.  Typical  performance  near  limiting  condi- 
tions  is  shown  in  figure 2 8 ( a )  for p = 45O and kw = 0.74.  As  winds  approach 
limiting  conditions,  the  vehicle  spends  a  large  part  of  its  climb  time  in  slowly 
making  headway  at  the  lowest  altitudes  (near 18 km ( 5 9  000 ft));  power  storage 
increases  significantly,  but  final  altitude  decreases.  Figure 28 shows  that  as 
amplitude  of  the  wind  profile  increases,  only  tail  winds  permit  flight.  In  all 
cases,  the  unsuccessful  attempts  at  flight  were  terminated  by  winds  at 18 km blowing 
the  vehicle  away  from  the  ground  station. 
Flight  with  more  severe  wind  profiles  would  be  possible  for  all  wind  directions 
if  the  baseline  configuration  or  flight  plan  were  modified.  Previously  discussed 
results  show  that  increasing  the  design  value  of  equivalent  airspeed  could  allow  the 
vehicle  to  operate  in  the  presence  of  stronger  winds.  Another  solution  would  be to
increase  the  value  of  minimum  altitude. As shown  in  figure 7, the  nominal  wind  pro- 
file  for  this  study  is  more  severe  at  the  lower  altitudes.  Figure 26 shows  that  such 
data  are  representative. An alternate  solution  would  be  to  accept  the  cost  and  com- 
plexity  of  circular  polarization,  at  least  for  the  transmitter.  The  relative  bene- 
fits  of  the  last  two  methods  are  suggested  in  figure 29. If  stored  energy  is  not  a 
limiting  factor,  the  restriction  of  the  flight  profile  to  higher  altitudes  appears to 
offer  a  simple,  viable  solution. 
Although  turbulence  and  wind  shear  affect  the  development  of HAAP design  cri- 
teria,  these  effects  are  not  considered  herein. Some  limited  data  on  these  phenomena 
at high  altitude  are  available  in  references 20 and 21. 
CONCLUDING FXMAFUCS 
A  parametric  study  of  performance  has  been  conducted  for  remotely  piloted, 
microwave-powered,  high-altitude  airplane  platforms.  The  flight  profile  consists  of 
climb  and  glide  cycles:  while  receiving  power,  the  vehicle  climbs  and  stores  excess 
energy;  it  then  glides  back  down  to  some  minimum  altitude  above  a  microwave  ground 
station. 
Calculated  results  identified  several  basic  trends.  Low  values  of  wing  loading 
and  high  values  of  lift  coefficient  were  shown  to  result  in  long  range,  long  endur- 
ance,  and  low  equivalent  airspeed.  Wind  effects  constrain  the  lower  limits  of  both 
equivalent  airspeed  and  operating  altitude.  Calculations  also  showed  that  energy- 
transmission  and  propulsion-system  characteristics  could  strongly  affect  climb  per- 
formance. An approximate,  closed-form  solution  was  developed  to  predict  gliding 
endurance. 
Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton,  VA 23665 




COMPUTER PROGRAM FOR HAAP  ERFORMANCE 
A computer program has been developed t o  c a l c u l a t e  t h e  performances of a 
microwave-powered h igh-a l t i tude   a i rp lane   p la t form (HAAP) vehicle.  This  appendix 
contains  a l i s t i n g  of t h e  program, a sample input  f i le ,  and the corresponding sample 
set of ou tpu t  l i s t i ng .  The r e s u l t s  p r e s e n t e d  i n  t h e  o u t p u t  l i s t i n g  can  be i n t e r -  
p re ted  wi th  the  descr ip t ion  of va r i ab le  names g iven  in  t ab le s  A I  and A I I .  
The program ca lcu la t ions  and log ic  are based on t h e  HAAP operating procedures as 
desc r ibed  in  the  main text. The program c a l c u l a t e s  t h e  f l i g h t  t r a j e c t o r y  and  system 
performance a t  s p e c i f i e d  i n t e r v a l s  of time. These i n t e r v a l s  are 10 seconds  for  climb 
and 20 seconds for  gl ide unless  the end  of climb or g l ide  is approached; a t  t h a t  
po in t ,  t he  in t e rva l s  are a d j u s t e d  t o  be one-tenth their  previous value.  The only 
configurat ion change allowed during a given f l i g h t  is t h e  f o l d i n g  or unfolding of t h e  
p rope l l e r s .  
The program y ie lds  r e su l t s  fo r  pa rame t r i c  s tud ie s .  The f i r s t  set of output 
information descr ibes  ini t ia l  condi t ions in  terms of t h e  c h a r a c t e r i s t i c s  of t h e  a i r -  
plane aerodynamics, propeller and power system variables, and wind and t r a j e c t o r y  
parameters. The l i s t i n g s  p r e s e n t e d  i n  columns provide  h is tor ies  of performance  and 
f l i g h t  mechanics.  For  each  run, the input parameter being varied is  l i s t e d  i n  t h e  
f irst  column on t h e  l e f t .  Each set of parametr ic  var ia t ions may be  conducted f o r  
performance a t  a s ing le  po in t  (w i th  r e spec t  t o  the  ground s ta t ion) ,  dur ing  c l imb or  
glide only, or throughout an ent i re  c l imb and gl ide cycle .  
The sample case included in  this  appendix i l lustrates  the effect  of  wind magni- 
tude.  Performance is ca lcu la ted  for  the  base l ine  conf igura t ion  HAAP with winds a t  
r i g h t  a n g l e s  t o  t h e  nominal  ground track (p. = goo) .  The required inputs  are:  
N 1  = 3,  N2 = 10, AMU = 90. , SI = o., SF = 1.0, and SS = 0.2.  Resul t s   ind ica te  
t h a t  a fu l l - s t r eng th  wind p r o f i l e  does not allow the vehicle t o  i n i t i a t e  climb a t  
18 km (59 000 f t ) .  
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L/D component independent of altitude 
Coefficient of altitude-dependent 










Ratio of minimum P/W to maximum P/W 




Code for  flight mode calculation 
(1 - single point; 2 - climb; 3 - climb 
plus glide; 4 - glide only) 
Element  in  input  array to be varied 
Number of calculation points per 
listed  line 
Tansmitter polarization code 
(1 - linear; 2 - circular) 
Final value of variation set 
Initial value  of variation set 
Step size of variation set 
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TABLE AI1.-  OUTPUT  PARAMETERS  FOR  PERFORMANCE  PROGRAM 
Output  name  given  in 





























P/w available  for  propulsion 
























1 5  
2 0  
25 
3 0  
3 5  
4 0  
4 5  
50 
5 5  
60  



























PROGRAM YAAP ( I N P U T , O U T P U T Y T A P E ~ = I N P U T , T A P E ~ ~ ~ U T P U T P U T )  
D I M E N S I O N   A ( 5 1 1   B D N ( 1 7 1 ,   B D ( 1 7 )   s Z ( B , 2 0 )  
A- ALPHANUMERIC  LABEL,  BDN-  NAMES OF ELEMENTS OF BASELINE  DATA ARRAY 
ED- BASEINE  DATA ARRAY, Z- F I N A L  OUTPUT  ARRAY 
COMMON /PAAH/ WOSICL, BLOD,HLODs TSISOAP, POSpRR, POUL,VK,  AMU, 
1 XSpHS,  POJRJTDOT,HI,RKR, A,K,ETA, GARMAPPOW, POWP,POUS, PSID,  
2 RIRLOD, ROCSTHETAP  VErVG,  VTYPCPY  PJ,N4rN5,X,H 
EQUIVALENCE  (BO( l ) ,WOS) 
N A M E L I S T I D D I  W O S ~ C L ~ B L O D I H L O D ~ T S ~ S O A P , P O S , R R I P O W L , W K , A M U ~ X S ~ H S Y  
S I I S F I S S , N ~ ~ N Z Y N ~ Y N ~ , T D O T , P O U R I H I , R K R  





S I , S F , S S , N ~ , N ~ J N ~ ~ N ~ , T D O T I P O U R , ~ ! I , R K R /  
1 4 4 ~ ~ 0 ~ 9 ~ 3 6 ~ 6 ~ ~ 4 1 8 ~ 1 7 2 ~ , 2 . 6 5 3 , 1 . 1 , 5 0 . r 8 ~ 6 2 ~ 0 ~ 0 ~ 0 ~ 0 ~  
4 0 ~ ~ 1 8 ~ 0 ~ 0 ~ r 0 ~ ~ 0 ~ r 2 ~ 2 ~ 5 0 ~ 1 ~ 1 ~ 0 ~ 0 ~ 2 5 ~ 2 5 ~ ~ 1 ~ /  
DATA  BDN17H W / S t  6H CL, 8 H  L I D - 8 ,  8 H  L/D-H,6H T S t  
1 8 H  S/A-P,  7H P/S, 6H RR, 8H  P/U-L,  6H WK, 
2 6 H  YU, 5H XS, 5 H  HSI 9 H   P / U  M-M, 7H TDOTI 
3 6 H  H I ,   6 H  PKR/ 
BASELINE  DATA ARRAY 1.WI.S 2.CL 3.L/D-B  4.L/D-H 5.TS 6.S/A-P 
7.P/S 8.RR 9.PIW-L 10.WK 1l .MU  12.XS 
1 3 e H S  14.POUR  15.TDOT 1 6 . H I  17.RKR 
PARAMETER V A R I A T I O N  CODE S I -  I N I T I A L  VALUE 
S F -  FINAL  VALUE 
SS- STEP  INCREHENT  (POSIT IVE OR N E G A T I V E )  
CONTROL CODE N1- (S INGLE  POINT,   CL IMBr   TOTAL  FL IGHT,   GL IDE  ONLY)  
N2-(  ELEMENT I N  A R R A Y  BD  TO  BE V A R I E D )  
N3-(NUMBER OF C A L C U L A T I O N   P O I N T S   P E R   L I S T E D   L I N E )  
N I - (  RECTENNA  POLARIZATION-  L INEAR O R  CIRCULAR)  
N S - ( C O D E * l  WHEN VG< 0) 
100 FORMAT ( l H 1 , 5 X , 5 A l O / /   5 x 9   1 4 H A I R C R A F T  AERO., ~ X I ~ H P R O P E L L E R ,  1 1 x 1  
1 5HPOWERt   14X,   5HWINDS9  9X911HSTART  POINT,   ~XI~ZHVARIABLE SET, 
2 9X,4HC?DE// ~ X I ~ H W / S - ~ F ~ . ~ ,   5 H  FIIM2, 6x9  3HTS-,F6.1,  4H  M/S>7X, 
3 4HP/S-,F5.2,  6H KW/M2r  4x9  3HWK-9F5.2, 6x9  3HXS- rF6 .29   3H  KM, 4x9  
4 6HFIRST=,F8.3,  5x9  3HN1=,13/  14X,3HN2+,13/  6X,3HCL=rF5.2, 9 x 1  
5 6HS/A-P=,F6.3, 1 2 X ~ 3 H R R ~ , F 5 * 1 ,   3 H  KMY 7 x 9  3HMU-,F5.1, 4 Y  DEG,  2X, 
6 3HHS-,F6.2,  3H KMr 4x9  6HFIHAL-,F8.3,   5x9  3HN3=,13/   114x9  3HN41,  
7 1 3 / 5 X ~ 4 H L / D - s F 5 . l r   2 8 x 9  8HMAX P/LJ-9F,5.2r  6H KW/KN, 1 8 x 1   3 H H I - 9  
9 F 6 * 3 , 2 7 X ~ 8 H H 1 N   P / W - Y  F 4 . 2 ,  1 0 H  X M A X  P/W / / / I  
8 F6.2,  3H KH, 4 x 9  5HSTEP-, F8.3, 6 x 9  / /  2x1 7 H L / D ( H ) - ,  
101 FORMAT ( 5 4 1 0 )  
111 FORMAT ( ~ X I A ~ ~ , ~ X I ~ H X I ~ X J ~ H H , ~ X ~ ~ H R I C ~ ~ X J ~ H P / W - P , ~ X , ~ H P / U - S , ~ X ,  
1 5HGAPMAp 2 x 9   ~ H T H E T A , ~ X Y ~ H R P ~ X , ~ H V G J   ~ X Y ~ H V T , ~ X , ~ H V E C P ~ X I  
2 ~ H T , ~ X I ~ H A K # ~ X ,  3HETA9  3x1  ZHCP, 4 x 9   1 H J   9 5 x 9  3 H P S I / /  
3 1 6 X t 2 H K M 9   ~ X , ~ Y < M , ~ X , ~ H M / S Y  4X,3HW/N,4X, 3HWIN94X1 
4 3HDEG9  4X93HDEGp ~ X ~ ~ H K M J ~ X , ~ H M / S J   4 X p 3 H f l I S 1  4X,3Hfl/S, 
5 ~ X P ~ H S E C , ~ ~ ~ ,  3HDEG / / I  
1 1 3  FORMAT ( 2 X , F 9 . 5 , 1 X ~ * 6 F 7 . 2 , F 7 . l ~ F 7 . 2 ~ 3 F 7 . l ~ F 8 . O ~ 2 F 6 . 3 ~ 2 F 6 . 3 ~ F 6 . l ~  
1 1 4  FORMAT ( 5 X / )  
1 1 5  FORMAT  (ZX,F9.5,1X,  3F7.2,  F21.29 1 4 x 9  3F7.1,  F8.01  FB.4) 
200 FORMAT ( / / 2 X 1 A 1 0 ,  4X,2HXC, 5X,2HHC, 4X,2HTC, ~ X I ~ H E / U - S P  3X, 
1 5HEIW-1, 4X,ZHXT, 7X,2HTT/ /  16x1 ZHKM, 5Xp2HKM9  4Xs2HHR9 
2 4X,4HKJ/N, 4 X w 4 H K J i N n   5 X n Z H K t b   7 X 9 2 H H R / )  
2 0 1  FORMAT (110x1 3HTG-9 F6.3, 3H  R / / I  
2 0 2  FORMAT ( 3 X , F 8 . 3 , l X , 2 F 7 . 2 ' ~ F 6 . 3 , 2 F 8 . 3 , 2 F 8 . 2 )  
GO TO 3 
2 x-  0.0 
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7 0  
7 5  
80 




1 0 5  
110 
1 1 5  
1 2 0  









1 3 0  
1 3 5  
7 WRITE (61111) B D N ( N 2 )  
I N I T I A L I Z E  PARAMETER --- NEW S T A R T I N G   P O I N T   I S  NEW X OR Y 
N5= 0 
B O ( N 2 ) -  SI 
GO TO 1 7  
1 3  Z (2,N)= X 
Z ( 3 9 N ) -  H 
Z ( 4 9 N ) .   T T  
Z ( 5 1 N ) =  EOWS 
Z ( 6 9 N ) -  EOWT 
I F  (Nl .EQ.3)  GO  T 4 0  
INCREMENT PARA METER 
1 4   C O N T I N U E  
N 5 =  0 
IF (N l .EP .3 )  Z (7 ,N)a  X 
IF (N l .EO.3 )  Z ( 8 , N ) =  TG 
I F  (Nl .EQ.4)  W R I T E   ( 6 , 2 0 1 )  TG 
1 6  B D ( N Z ) =  B D ( N 2 )  +SS 
DELTA= SF - B D ( N Z )  
I F  ( S S . L T . O . . A N D . D E L T A . L E . O . )  GO TO 17  
GO T O  2 
Z ( 1 9 N ) m   B D ( N 2 )  
G O  TO (20,  3 0 9 3 0 ~ 3 9 )  ,N1 
CALCULATE  VALUES  AT ONE P O I N T  
20  TI 0. 
H= HS 
x =  @. 
EOWS= 0. 
EOWT. 0 .  
GAMMA- 0. 
I F  ( S S . G T . O . . A N D . D E L T A . G E . O . )  GO TO 17  
17  N- N + l  
CALL   RCLIMB 
WRITE (6,113) B O ( N 2 ) r  XtH,  ROCIPOUP,  POWSIGAHMAI THETAjR, VGPVTI 
WRITE ( 6 1  1 1 4 )  
G O  TO 1 4  
1 VEpT,  AKsETA, PCP,PJ, P S I D  
CALCULATE  TOTAL  CLIMB P H A S E  
P O W l -  0.0 
POWSl= 0. 
G A M M A =  0. 
THETA. 0.0 
TI 0. 
E O W S -  0. 
EOUT= 0. 
RR95=  RR*  .95 
TT=  0. 
x =  0.0 
30  NK= 0 
20 
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1 4 0  
1 4 5  
1 5 0  
1 5 5  
1 6 0  
1 6 5  
170 
1 7 5  
1 8 0  

























WRITE  (6 ,114 )  
N 3  - PRINTOUT  INCREMENT FOR  COMPLETE C L I R B  
TDEL-  10. 
3 1   I F  (NK.EOeN3)  NK- D 
GAMMA- GAMMA/57.2957 
3 2   C A L L   R C L I M B  
I F  (N5.GE.1) G O  TO 1 4  
I F  ( R . G T . R R 9 5 . A N D . T H E T A . L T . 5 0 . )  T D E L -  1. 
I F  (T.ECI.0.) G O  TO 3 5  
NK-   NK+1 
X AND H G I V E N   I N  KP! 
H- H +ROC*TDEL/ lODO. 
3 3  X. X + V G * T D E L / 1 0 0 0 .  
SPECIFIC-ENERGY  INCREMENTS FROM AVERAGED POWER FOR 
STORED S P E C I F I C  ENERGY ( E I Y - S )  AND T O T A L   U T I L I Z E D   S P E C I F I C  
ENERGY ( E I W - T )  ARE GIVEN I N   K J I N  
EOWS-  EOUS + ( P O W S + P O W S l ) * T D E L / Z O D O .  
POWSl= POWS 
EOWT= EOWT +(POW  +POW1) * T D € L / ~ O O O .  
POW1- P o d  
I F  (X.LT.0. )  G O  T O   3 5  
I F  (R .GT.RR.AND.THETA.LT .90 )  GO TO 3 5  
I F  (NK.EQ.N4) G O  TO 3 5  
TIME  INCREMENT 
T-  T+TDEL 
GO TO 3 1  
WRITE  DATA FOR ONE INCREMENT OF C L I M B  O R  F I N A L   C L I M B   P O I N T  
WRITE  (6 ,1131  BD(N219 X,H#  ROCIPOYPI POWSsGAMMA, THETA,RP VGpVT, 
35   CONTINUE 
1 VEpTp  AKpETA, PCP,PJ, P S I D  
T T =   T / 3 6 0 0 .  
T- T+TDEL 
I F  (X.LT.0.) G O  TO 1 3  
I F  ( R e G T . R R . A N D . T H E T A . L T . 9 0 )  G O  TO 13 
GO TO 3 1  
CALCULATE  GLIDE  PHASE 
39 T -   2 0 .  
TOEL= 20. 
x= 0. 
H-  H I  
40 NG = 0 
H S l O l -  1.01* HS 
T-  T -TDEL 
PDF-  2 .653/SOAP 
PDF I S  PROP D R A G  FACTOR-PROPORTIONAL  TO  RATIO OF D I S K  AREA TO YING AREA 
TDEL 20. 
G A M M A -  0.0 
4 1  GAMHAm GAMMA/57.2957 
BEGIN  CALCULATION FOR NEW  GAMMA AT NEr l   ALTITUDE 
4 2  RLOD-  BLOD  +HLOD*H 
DECREMENT L I D  DUE  TO D R A G  OF FOLOED  PROPELLER 
K K =  0 
I T E R A T E  FOR GAMMA 
I F  (NG.EO.N3)  NG= 0 
I F   ( N l . L T . 4 )  RLOD-  RLOD  -1.5*PDF 
4 3   K K -  KK +1 
I F  (KKeEQ.  101 G O  TO 5 0  
VE-  1.27775*SORT  IWOS*CJS(GAflMA)/CL) 
CALL   ALTF  tAMUr  VE,  WK Hs PSI ,  VT,  VG, N 5 )  
VY= -VT*C OS ( G A  HMA 1 /RLCID 
CALL A C C E L ( V Y , H I V G , A M U I V E I U K , G A M ~ A , A K )  
R O C =  V Y / ( l .   + A K )  
2 1  
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210 
2 1 5  
2 2 0  
2 2 5  
2 3 0  
2 3 5  
C C4LCULATE  RESULTING  CLIM8  ANGLE 
G A M f l A C -  A S I N ( R O C / V T )  
DELG- ABS( G A M M A C - G A M M A )  
C AJUST  CLIMB  ANGLE AND REPEAT 
G A M M A -  G A f l M A C  
GO TO 4 3  
5 0  NG - NG + 1 
I F  (OELG.LT..OOOZ) G O  T 3   5 0  
c 
L 
C X AND H G I V E N   I N  K H  
5 4  X- X + V G * T D E L / 1 0 0 0 .  
Ha H +ROC*TDEL/1000.  
1- T + TDEL 
I F   ( H e L T . H S 1 0 1 )   T D E L -  2 .  
I F   ( N G . E P e N 3 )  GO TO 5 5  
I F  (H.GT.HS) G O  TO 42 
5 5  G A M M A -  GAMMA*57.2957 
C WRITE  DATA FOR ONE INCREMENT  OF  GLIDE O R  F I N A L   P O I N T  
WRITE  (6 ,115)   BD(N2 1 t Y t H 1  R O C 9  G A M M A 9  VG, V T t  VE,  T t  A K  
I F  (H.GT.HS) GO TO 4 1  
TG- T / 3 6 0 0 .  
Z ( 7 , N ) -  X 
Z ( 8 r N ) -  TG 
GO TO 1 4  






SUBROUTINE  DENSITY (CH, S IGMA)  
CURVE F I T  TO 6 2  ATHOSetFOK  CALCULATION OF DENSITY  RATIO 
1 0  
1 5  
2 0  
2 5  
30 
10 
1 5  
20  






I N P U T :   A L T I T U D E   I N   K Y ;   3 U T P U T :   D I H E N S I O N E S S   D E N S I T Y   R A T I O   ( S I G H A )  
D I M E N S I O N   D C l ( 1 5 ) r D C 2 ( 1 5 )  





DATA ~ D C 1 ~ 1 ~ , 1 ~ 1 , 1 5 ~ / ~ 0 9 ~ 5 d 5 5 4 , . 0 9 4 8 5 5 4 , . 0 9 5 5 4 ~ ~ 0 9 5 5 5 2 9 ~ ~ 0 9 5 0 0 8 9 ~ ~ 0 9 4 2 2 5 8 ~  DC 1 
. 0 9 4 2 2 5 8 9 . 0 7 7 0 8 3 4 8  .0879373r .0962238r .10270829 
- 1 0 4 5 6 5 5 ,  ~ 1 1 0 7 3 2 9 ~ ~ 1 1 6 0 1 0 1 ~  e 1 2 0 4 5 8 1 ,   . 1 2 4 3 2 2 0 /  




D  C2 
DATA ~ D C 2 ~ J ~ ~ ~ ~ 1 ~ 1 5 ~ / ~ 1 1 7 3 3 7 , . 1 1 7 3 3 7 , . 1 2 4 8 9 8 1 ~ 1 3 3 9 6 5 ~ ~ 1 4 3 7 5 4 ~  
. 1 4 3 7 5 4 , . 3 0 7 5 7 2 ~ . 2 3 0 0 4 4 ~ ~ 1 7 8 2 5 3 ~ . 1 4 2 2 2 9 ~  
. 1 3 2 9 4 2 , * 1 0 4 9 0 8 , . 0 8 2 9 2 0 ~  . 0 6 5 8 1 2 ~ . 0 5 2 0 1 3 /  
I C H =  1+ I F I X ( C H / Z . )  
C C l =  D C l ( 1 C H )  
C C 2 =   D C Z ( I C H 1  
I F  ( C H . L E . l l . . O R . C H . G E . l Z . )  GO TO 20 
C C l -  a 0 6 7 5 4 1 8  
CC2. e 3 8 7 0 8 5  
C 
20  S I G M A -  EXPI -CCl*CH  -CCZ*CH*CH/ lOO.)  
RETURN 
END 
t1962 U . S .  Standard  atmosphere,  reference 4. 
C 
C 
SUBROUTINE A L T F ( A M U I V E , J K I H I P S I , V T , V G $ N ~ )  
C CALCULATE  RUE  AIRSPEED,  WINDSPEEDS AND GROUNDSPEED - . S I  U N I T S  
C INPUTS:  WIND  AZIMUTH,  EOUIVALENT  AIRSPEED,  WIND  SCALE FACTOR, AND 
C ALTITUDE;  OUTPUT: GROUYD-TRACK  OFFSET ANGLE, TRUE  AIRSPEED, AND 
C GROUND SPEED. ( A L L  SPEEDS I N  M / S ;  ALL  ANGLES I N  DEGREES.) 
C FOR M K -  1 . 9  RESULTING  U IND PROFILE I S  F O R  99L I N C L U S I V E  
C PROFILE F O R  5 LAUNCH  SITES FRUH  NASA TH 7 8 1 1 8 .  
C 
i 
300 FORMAT ( 4 x 9   2 4 H W I N D  SPEEO TOO LARGE AT 9F4.19   4H K M . 1  
CALL  DENSITY  (HgSIGMA)  
VT- V E * ( S I G M A ) * * ( - . 5 )  
VU- WK*BB. 
I F  (H.GE.14.) G O  TO 50 
GO TO 6 2  
5 0   I F  (H.GE.15.) GO TO 5 1  
vu= W K *  ( 8 8 .  - 1 a . * ( ~  -14 .1 )  
GO TO 6 2  
5 1   I F  (H.GE.20.) GO TO 5 2  
VU- WK* ( 7 0 .  -5 .8 * (H   -15 .11  
GO TO 6 2  
52 I F  (H.GE.23.) GO TO  53 
VW- WK*41. 
GO TO 6 2  
5 3  VU- WK* ( 4 1 .   + 4 . 7 7 7 8 * ( H   - 2 3 . 1 )  
6 2  S P S I =  V W * S I N b (  AHU) / V T  
I F  (SPSI.GE.1.) G O  TO 6 4  
P S I -  A S I N (  S P S I )  
GO TO 6 5  
6 4  WRITE  (6 ,300)  H 
N5= 1 
6 5  CONTINUE 
RETURN 
END 














5 5  
60 
65 
SUBROUTINE  PROPCAL (PCPYPJIETA) 
D I M E N S I O N  P T ( 1 5 ~ 4 1 )  
INPUT:  PROPELLER POWER C O E F F I C I E N T  AND  ADVANCE R A T I O  
OUTPUT:  PROPELLER  EFFICIENCY  FACTOR 
J 
EACH  DATA  STATEMENT  GIVES  VALUES OF ETA  S CP, RANGES  FROM -0 T O  e 3 5  





























































7 0  
7 5  
80 
8 5  
90 
9 5  
100 
1 0 5  
10 
1 5  
20 
2 5  
RCP=  4O.*PCP +1. 
I C P -   X F I X t R C P )  
DCP=' RCP -FLOAT( ICP 1 
I J =   I F I X t R J )  
D I J t   R J   - F L O A T ( I J )  
PQINTS A & B AT G I V E N  C P  VALUE;  POINT A AT LOWER J VALUE  THAN  POINT 
RJ-   20 . *PJ  -7. 
P T A =   ( l . - D C P ) * P T ( I C P , I J )   + P T ( I C P + l , I J ) * D C P  
PTB- ( l . - D C P ) * P T ( I C P t I J + l )   + P T ( I C P + l t I J + l ) * D C P  
ETA=  PTA  +(PTB-PTA)*DIJ  
RETURN 
END 

















2.30 I?. 30  
2.35 
2.35 
2s 4 0  
2 - 4 0  
B 
SUBROUTINE  ACCEL ( V Y , H ~ V G , A M U , V E , W K ~ G A M M A Y A K ~ N ~ )  
INPUT:   VERTICAL  VELOCITY I N  MIS, A L T I T U D E   I N  Kt49 GROUND SPEED 
I N  M / S t  WIND  AZIMUTH I N  DEG, E O U I V A L E N T   A I R S P E E D   I N  Y l S t  WIND  SCALE 
FACTOR,  AND F L I G H T   P A T H  ANGLE I N  DEG; OUTPUT:  ACCELERATION  CORRECTION 
FACTOR 
IF (VY.LT.0)  G O  T O   8 4  
Y 1 -  H+.1 
Y Z =  H - e l  
GO TO 8 5  
6 4  Y 1 =  H- . l  
Y 2 =  H + . 1  
CALL  ALTF ( A M U t V E , W K t Y l r P S I l , V T l t V G l ~ N 5 )  
IF   (N5 .EO.1 )  G O  TO 8 7  
CALL   ALTF ( A M U , V E , W K ~ Y Z , P S I ~ , V T ~ J V G ~ , N ~ )  
I F  (N5.EO.1) G O  TO 8 7  
8 5  V A V =  SORT (VY*VY  +VG*VG) 
V 1 =  S O R T   ( V G 1 * * 2   + ( V T l * S I N ( G A M H A ) ) * * 2 )  
V2=   SOST  (VG2**2   + (VT2*S IN(GAMMA) ) * *2 )  
DELVI V l - V Z  
AK-  OELV*VAV/1950.  
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10 
1 5  
20 
2 5  
3 0  
35 
40 
4 5  
5 0  
55 
60 
6 5  
C 
C 
S U B R O U T I N E   R C L I M B  
C 3 M N O N   / P A A H /  b l O S , C L ,  B L O D , H L O D ,   T S 9 S O A P 9  POSIRRI P O U L I ~ K ,  AMUI 
1 X S p H S s   P O W R ~ T D O T I   H I r R K R ,   A K p E T A t  GAHHAIPOWI P O W P t P O W S 9   P I D ,  
2 R y R L O D s  R O C I T H E T A ,   V E s V G ,   V T Y P C P ,   P J , N ~ * N ~ , X I H  
D A T A   C 1 /  9.93971 
C c 1  E Q U A L S   PI**^ ) / (e . ( s .L .  DENSITY)) 
C 
C B A S I C   P A R A M E T E R S  
R -   S Q R T   ( X R * X R  +H*H) 
XR- X - X S  
T H E T A -   A T A N E ( H , X R )  
R L O D -   B L O D   + H L O D * H  
K O D E -  1 
K K =  0.0 
60 V E -  1 . 2 7 7 7 5 * S P R T ( W O S * C O S ( G A M M A ) / C L )  
C N O T E :   V EI S   C O R R E C T E D   F O R   F L I G H T   P A T H   A N G L E ,   G A M M A  
C A L L   A L T F  ( A M U , V E ~ W K , H , P S I I V T , V G ~ N ~ )  
C A L L   D E N S I T Y ( H 9 S I G M A I  
IF ( N 5 . E Q . l )  GO  TO 90 
C 
C C A L C U L A T I O N  OF POWER - 2 E C E I V E D 9 A V A I L A B L E   A N D   S T O R E D  
C 740 F A C T O R  I S  1000 W / K Y  X e 7 4  E F F I C I E N C Y   F A C T O R  
A N G L E -  3.1415926 - T H E T A   ) G A M M A  
70 P O W = ( ( R R / R ) t * R K R ) *  7 4 0 . * ( P O S / U O S ) * S I N ( A N G L E )  
I F   ( N 4 . E Q . 1 )  POW-  POW* ( C O S ( P S I I ) * * 2  
K Y -   K K + 1  
P O W E R L X  POW/POUL 
I F  ( K K . G T . 1 0 )   G O   T O  90 
I F   ( P O W E R L e G T e P D W R )  G O  T O   7 5  
c K E E P   P R O P   F O L D E D   A N D  S T C I R E   A L L   I N C O M I N G   E N E R G Y  
E T A -  0.0 
POWP- 0.0 
P J -  0.0 
P C P -  0.0 
R L O D -  R L O D  -1.5 
K D D E m  -1 
POWS- P o d  
GO T O  83  
C D E C R E f l E N T  L / D  T Q   A C C O U N T   F O R   D A G   O FF O L D E D   P R O P E L L E R S  
7 5  DPOW- POW -POWL 
I F  ( D P O W )  76,76977 
C A L L  POWER T O   P R P  
7 6  POWP- POW 
POW" 0.0 
GO T O  78  
C P O W E R  T O  P R O P  A Y D  REMAIUDE FC T O  S T O R A G E  
77 POWP-  OWL 
POWS= DPOW 
78 I F  ( K O D E )  79,79982 
79 R L O D -  R L O D  + l e 5  
C 
C C A L C U L A T I O N   FN O N D I M E N S I O N A L   C H A P A C T E R I T I C S  OF P R O P E L L E R  
82 P J -   3 . 1 4 1 5 9 * V T / T S  
P O A P =  POW P*WClS* S O A P  
P C P =   C l * P O A P / ( S I G M A * T S * * 3 )  
C A L L   P R O P C A L   ( P C P , P J , E T A )  
C 
C C A L C U L A T I O N   O F   R A T E  OF C L I M B  - T H R U S T   A N D   D R A G   C O M P O N E N T S  
C T D O T  I S   R A T I O  O F   A C T U A L 9   D E G R A D E D   T H R U S T   T O   T H R U S T   F R O M   T A B L E   O O K - U P  
E T A =   E T A * T D O T  
H3 V Y T =   E T A * P O W P  
V Y D =   V T * C O S ( G A M N A )   / R L O D  
VY- V Y T - V Y D  
C A L L  A C C E L ( V Y I H , V G I A M U , V E , ~ K , G A ~ ~ A , A K )  
I F  ( N 5 . G E . 5 )  GO TO 90 




7 0  
75 
80 
C C A L C U L A T E   R E S U L T I N G   C L I M B   A N G L E  
G A M M A C =   A S I N ( R O C / V T )  
D E L G =  4 6 S (  G A H M A C - G A M M A )  
I F  ( D E L G . L T e . 0 0 1 )   G O   T O  90  
L 
C A J l l S T   C L I M B   A N G L E   A N D   R P E A T  
G A M M A -   G A M M A C  
G O   T O  60 
C 
C C A L C U L 4 T I O N  FOR G A M M A   ( F L I G H T   P A T H   A N G L E )   H A S   C O N V E R G E D  
90  T H E T A -   T H E T A * 5 7 . 2 9 5 7  
G A M M A -   G A M M A * 5 7 . 2 9 5 7  
P S I D =   P S I * 5 7 . 2 9 5 8  
R E T U R N  
E N D  
27 
S A M P L E   C A S E :   V A P I A T I O N  O F   W I N D - P R O F I L E   H A G N I T U O E  
A I R C R A F T   A E R O .   P R O P E L L   P O W E R W I N O S   S T A R T   P O I N T   V A R I A B L E   S E T  c ODE 
1115. 144.0 N I M 2  TS. 172.0 MIS P I S .  1.10 K r J I M 2   W K =  0.00 X S =  40.00 K M   F I R S T =  0.000 N1 =  3 
N 2 =  10 
N4= 1 
C L =  e90 SI A-P- 2.653 RR= 50.0 K H  MU= 90.0 D E G  HS- 18.00 K H  F I N A L .  1.000 N3= 50 
L I D =  36.6 flAX P I W *  8.62 K U I K N   H I =  25.00 K H  S T E P =  , 2 0 0  
L I D ( H ) =  ,418 M I N   P I M .  .25 X ?!AX P I U  
WK X H R I C   P I W - P  PIJ-S G A M M A   T H E T A  R VG V I  V E  C T AK E T A   C P  J P S I  









































2 2 1  -25 
2 78.04 
309.69 























2.73 0.00 -85 155.8 43-66 
2.73 0.00 -85 155.8 43.86 
e.62 1.95 6.01 123.4 23.75 
6.58 0.00 3.19 48.3 30.44 
2.66 0.00 -54 28.3 49.43 






-59 2.60 0.00 
e59 2.60 0.00 
6.19 8-62 1.51 
4.37 6.83 0.00 
-63 2.63 0.00 




-1 - 2 4  
-1.23 
.65 155.8 43.86 
e65 155.8 43-66 
6.08 124.7 23.98 
3.37 49.8 29.64 
.51 28.2 49.44 



























































4 871 s 
49 49. 
- 0 2 1  e716 e 0 2 1  e937 0.0 'd 
e021 e716 e021 ,937 0 . 0  
,029 .E89 e086 1.078 0.0 
-045 ,907 e105 1.363 0.0 Yi 
e051 a902 e047 1.438 0 . 0  X 







-022  ,681 no20 a937 11.8 
,022 ,681  e020  ,937 11.8 
-029  ,890 ,085 1.068 8.4 
,045 -904 a107 1.353 6.4 
e050 e898  -046 1.435  6.3 
,050 893 ,045 1.435  6.3 
0393 
-e0300 
"0250 -. 0224 
-e0225 




















































































50 -6  
47.3 
46.8 
0.00 1.55 -1.39 155.8 43.86 
0.00 1.55 -1.39 155.8 43.86 
4.60 O..OO 3.11 138.5 27.27 
8.62 2.23 5.52 78.5 21.20 
2.96 0.00 s77 31.5 43.45 











70 e 6  
60.9 
42  e 9  
40.9 
40.4 
52  - 4  
51.3 






6 0 . 4  
54.2 





63 - 7  
74.3 




































4 4 0 2 .  
4862. 
4946 
0 0 2 6  ,579 ,017 ,937 2 4 . 2 '  
,026 e579 e017 ,937 24.2 
e031 e891 ,079 1.034 18.5 
e 0 . 4 2  ,892 e115 1.317 13.1 
0 0 4 6  ,891 ,045 1.422  12.5 

















-e032 0.000 0.000 0.000 38.0 
-e032 0.000 0.000 0.000 38.0 
a032 e883 e035 e942 37.4 
,034 e891 e100 1.163 22.7 
e045 e900 e047 1.357 19.3 
e045 ,852 e036 1.365 19.2 
-e0356 
-a0370 
- e 0 3 2 8  
-e0323 -. 0325 
0800GD 0.00 18.00  -1.30 0.00 e 8 2  -1.40 155.8  43.86  29.3 51.3 l b e . 2  
.80000 e29  17.99 -1.25 0.00 e 3 2  -1.40 155.8  43.86 29.3 51.3 16.2 
0. -.041 0.000 0.000 0.000 55.1 
. 8 O O O O  12.50  17.37  -1.20 0.00 e 6 8  -1.40  147.9  32.69  1 .1 48.8 16.2 510.  - 041 0.000 0.000 0.000 66.9 
10. "041 0.000 0.000 0.000 55.1 
W I N D   S P E E D   T O O   L A R G E   A T  16.9 K Y .  
k I N D   S P E E D  T O O  L A R G E  A T  16.9 KM. 
W I H D   S P E E D  TOO L A R G E  A T  16.9 KM. 
W I N D   S P E E D  T O O   L A R G E  A T  16.9 KM. 
W I N D   S P E E D  T O O   L A R G E  A T  16.9 KM. 
W I N D   S P E E D  TOO L A R G E  AT 16.9 KM. 
Y I N D   S P E E D  T O O  L A R G E  A T  16.8 Kfl. 
U I N D   S P E E D  T O G  L A R G E  A T  16.8 KM. 
W I N D   S P E E D  T O O   L A R G E  A T  16.8 KM. 
W I N D   S P E E D  T O O  L A R G E  AT 16.9 KM. 
W I N D   S P E E D  TOO L A R G E   A T  18e-O KM. 
UK x c  HC T C   E I U - S   E I U - T  X ' T  T T  
K H  KM HR K J I N  K J / Y  K M  H R  
0.000 84.32 23.41 ,367 1.452 9.803 313.19 1.37 
-200 84.34 23.38 a372 1.377 9.730 309.69 1.37 
e 4 0 0  84.39 23.27 e389 1.154 9.508 297.87 1.37 
e600 84.66 22.75 e449 1.187 9.203 264.57 1.35 
.YO0 -I -I -I -I -1 17.38 1.35 
1.000 -I -I  -I -I -I 0.00 1.35 
APPENDIX B 
GLIDE-TIME PARAMETER 
An expres s ion  fo r  t he  t i m e  required t o  g l ide  between t w o  a l t i t u d e s  is given as 
equation  (29) of reference 8 .  The development  of tha t  equat ion  assumes t h a t  t h e  
aerodynamic c h a r a c t e r i s t i c s  (5 and C,) remain  constant   and  that   accelerat ion 
e f f e c t s  (eq. ( 4 )  ) are negl igible .  That  endurance equat ion for  gl iding f l ight  i s  




where  hl   and  h2  are   the  f inal  and in i t i a l   a l t i t udes ,   r e spec t ive ly .   Equa t ion  ( B 1 )  
can be s impl i f i ed   i n  two ways. F i r s t ,  s i n c e  y is a small angle ,   the   cosine term 
can be  approximated as 1.0. Second, i f  t he  r ange  of a l t i t u d e s  l ies between  about 16 
and 2.6 km (52 000 and  85 000 f t )  e q u a t i o n  ( 1 1 )  can  be  used t o  approximate density 
v a r i a t i o n  by choosing a = 0.105 and b = 0.0013 throughout   tha t   a l t i tude   range .  
Subs t i tu t ing  equat ion  (11)  in to  equat ion  (Bl )  y ie lds  the  in tegrable  express ion  
L {E e (a2/E3b) 1 h2 -(b/2)  [h+(a/2b)l  2 - -  -
t g  D 2W/S 
 e 
h l  
- L 1   e (a2/8b) E sz2 e -Z 2 dz 
ve z 1 
where 
and  erf  is the   e r ro r   func t ion ,  as descr ibed   in   re fe rence  22. Equation  (B3) may be 
rearranged to  produce an expression independent of vehicle aerodynamic characteris-  




g e L  
t V - = 27.873[erf(z2)  - e r f ( z l  11 
where 
z = 1.0296 + 0.025495h 
Here h is expressed  in  Ian, Ve i n  m/s ,  and tg i n  hours. As in   equa t ion   (Bl ) ,  
h l  is t h e  f i n a l  a l t i t u d e  b e c a u s e  of t he  nega t ive  r a t e  of climb. 
Glide time can  be  determined  for a s p e c i f i c   v e h i c l e  where L/D and Ve are 
given. For t h e  c l a s s  of vehicles   considered  in   this   s tudy,   the   values  of L/(Dv,) 
l i e  approximately  between 10 and 0.1. The la rges t  va lue  y ie lds  the  longes t  g l ide  
time and is produced by l o w  W/S and  high L/D. 
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TABLE 1.- DESCRIPTION OF BASELINE  CONFIGURATION  OF 
HIGH-ALTITUDE  AIRPLANE  PLATFORM 
Airplane  aerodynamics: 
Aspect ratio. A ............................................................. 30 
Lift coefficient. CL ........................................................ 0.9 
Lift-drag  ratio 
Altitude  function.  L/D .......................................... 36.6 + 0.418h 
Folded propeller decrement. L/D .......................................... 1.5 
Oswald  efficiency  factor. e ................................................ 0.96 
Wing  loading.  W/S.  Pa ( lbf/ft2) ........................................ 144 (2.92) 
Propeller(s): 
Activity  factor ............................................................... 80 
Design  lift  coefficient ....................................................... 0.3 
Ratio  of  wing  area to propeller-disk  area. S/Ap ........................... 2.653 
Tip  speed.  Vtip.  m/s  (knots) ........................................... 172  (334) 
Motor( s 1 : 
Maximum  specific  power (available). (P/WImax. WIN  (hp/lbf) ........ 8.62  (0.0514) 
Minimum  specific  power (required). (P/W)min. W/N (hp/lbf) ........ 2.16  (0.0129) 
Power  transmission: 
Power  intensity  at  reference  range. P/S. kW/m2  (W/ft2) ................ 1.10 ( 100) 
Reference  range. R. km (n.mi.1 ........................................... 50  (27) 
Range-power  attenuation  factor ............................................... R/r 
Transmission-initiation  point 
Altitude.  hs. km (ft) .............................................. 18 (59 000) 
Horizontal range. x km (n.mi.) ....................................... 40 (22) 
Transmission-termination  slant  range. km (n.mi.1 .......................... 50 (27) S' 
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(a) Configuration of reference 9. 
(b) Alternate configuration. 
Figure 1.- Representative HAAP designs. 
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Figure 2.- Conventions used to  def ine  senses  of displacements,  forces,  
angles,  and ve loc i t i e s .  
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(c )  Ve loc i t i e s  and angles  in  horizontal  plane.  
Figure 2. - Concluded. 
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Figure 4.- Fl ight  prof i les  for  base l ine  conf igura t ion  w i t h  
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Figure 5.- History of flight parameters for baseline configuration 
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(b) Power and range parameters. 
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(c) Propeller parameters. 
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Figure 6.- Variation of equivalent  airspeed  with wing loading and 
lift  coefficient. 
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(a) True airspeed profile. 
Figure 7.- Comparison of limiting wind profile and vehicle airspeed. 
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(b) Equivalent airspeed profile.  





























Figure 8.- Ef fec t  of wing loading and l i f t - d r a g  r a t i o  on performance 
of baseline configuration. 
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Figure 10.- Comaprison of two models of a i r  d e n s i t y  v a r i a t i o n  
wi th  a l t i tude .  
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Figure 11.- Ratio of approximate density (appendix B) t o  d e n s i t y  
from reference 4.  
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Figure 13.- Varia t ion  of t i m e  t o  g l i d e  from 25 t o  18 km (82 000 t o  59 000 f t )  
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Figure  14.- Var i a t ion  of g l i d e  t i m e  with al t i tude and wing loading.  
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Figure 16.- Variation of baseline configuration  climb  performance 




















I I I I I \ 
0 5 10 15 20  25 30 a" 
t, rnin 
Figure 17.- climb performance for three values of k,. Baseline 



















- 5  
- 0  
Figure 18.- Effect of beam intensity and motor size on climb performance. 
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Figure 20.- Ef fec t  of i n i t i a t i n g  c l i m b  a t  d i f f e r e n t  a l t i t u d e s  and 
horizontal  ranges.  
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Figure 22.- Effect of degradation of propeller efficiency on 
climb performance. 
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Figure 25.- Effec t  of propeller s i z e  and  wing loading on climb performance. 
'tip = 172 m/s  (564 f t / s ) .  
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Figure 26.- Wind profile data (ref. 19). 
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F igure  26 .- Concluded. 
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Figure 27.- Effect of head winds and tail winds on performance 
of baseline configuration. 
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( a)   Var ia t ion  of wind-prof i l e  magnitude. 
Figure 28  .- Effec t  of wind d i r ec t ion  and prof i le  ampli tude on 

















- ". --". 
-1" 











(b) Variation of wind  direction. 
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Figure 29.- Climb  performance for p = 90° and 
P/S = 1 . 1  h/m2 ( 1 0 0  w / f t 2 ) .  
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